Mars trajectory design options were examined that would accommodate a premature termination of a nominal manned opposition class mission for opportunities between 2010 and 2025. A successful abort must provide a safe return to Earth in the shortest possible time consistent with mission constraints. In this study, aborts that provided a minimum increase in the initial vehicle mass in low Earth orbit (IMLEO) were identified by locating direct transfer nominal missions and nominal missions including an outbound or inbound Venus swing-by that minimized IMLEO. The ease with which these missions could be aborted while meeting propulsion and time constraints was investigated by examining free return (unpowered) and powered aborts. Further reductions in trip time were made to some aborts by the addition or removal of an inbound Venus swing-by. The results show that, although few free return aborts met the specified constraints, 85% of each nominal mission could be aborted as a powered abort without an increase in propellant. Also, in many cases, the addition or removal of a Venus swing-by increased the number of abort opportunities or decreased the total trip time during an abort.
Introduction N 1991 the Synthesis
Group on America's Exploration Initiative recommended a continuing human exploration of the planet Mars beginning around the year 2014. To support this recommendation, many studies have been conducted to identify optimized interplanetary trajectories. _-3 These studies have shown that when state-of-the-art propulsion systems are used, vehicles with an IMLEO of less than 2 million kg can complete round-trip missions to Mars in under 2 years. For complex missions with long trip times, there is an increased threat of solar flares, medical emergencies, and system failures. One way to anticipate such an event is to provide a means of terminating the mission and returning the crew quickly and safely back to Earth. The Apollo 13 lunar mission dramatically demonstrated that mission planning must include an effective mission termination or abort strategy that will provide the crew with a safe return to Earth in the shortest possible time. For a Mars mission, this can be accomplished by changing the interplanetary trajectory so that Earth is encountered as soon as possible. To minimize the vehicle design effort and avoid mass penalties associated with carrying additional propellant, trajectories can be chosen so that any changes attributable to a mission abort could be made with the same amount of propellant allotted for the round-trip mission. Therefore, by careful trajectory selection, it is possible to design nominal missions, that is, minimum IMLEO, all-propulsive, round-trip piloted Mars missions, that can be aborted without an increase in IMLEO?
At least two abort strategies can be considered in the missionplanning process. First, free return trajectories can be identified in which no postlaunch propulsive maneuvers, AVs, are needed to return the vehicle to Earth. Wolf _ showed that free return trajectories to Mars are neither plentiful nor economical in terms of launch energy.
Also, in almost all cases, encounter dates that result in a free return trajectory provide less than optimal transfers for a nominal mission where a stay time at Mars is required.
An alternative approach is to identify nominal round-trip missions that minimize IMLEO. Once these optimal
Received April 30, 1993; revision received Nov. 1, 1993 ; accepted for publication Nov. 2, 1993 . Copyright © 1993 and upon Earth return, the two habitation modules as well as the truss structure and support equipment (see Table  1 ) were propulsively captured into a 1 sol (i.e., 24 h), 500 km altitude orbit. The components that make up the 61 metric ton Earth return mass were returned so they could be re-used in future missions.
Trajectory calculations were performed using models for an advanced chemical propulsion system (specific impulse !,p of 480 s) and a nuclear thermal propulsion system (Lp of 925 s). Also, for these all-propulsive missions, the maneuvers were considered impulsive, and the propellant tank mass was assumed to be 10%. of the propellant mass. For this analysis, no propellant boil-off was assumed; however, if it were included, the only impact to this study would be an increase in the nominal mission IMLEO and additional propellant (i.e., more AV) available for the abort because the time allowed for the abort mission is less than or equal to the time of the nominal mission.
In addition to direct transfers, nominal missions containing an outbound or inbound swing-by of Venus were also identified. Venus swing-bys could be powered or unpowered, and the lower limit on periapsis radius was set 1.1 Venusian radii (or about 6800 kin) to avoid any atmospheric encounter.
The various mission assumptions made in this study are summarized in Table 2 .
Once these optimal missions were obtained, the possibility of an abort for each was investigated by fixing the dates of all planetary encounters prior to and including Mars arrival. That is, the abort scenario investigated in this paper assumes a nomi- to be unpowered.
Results
The launch opportunities for direct nominal and aborted missions in the 2010--2025 time frame are shown in Fig. 1 for a free return mission were impossible to make with the assumed chemical propulsion system. Likewise, changing to NTP did little to increase the number of free returns, because an abort with an unpowered Mars swing-by was only possible in two of the eight nominal direct transfer mission opportunities (i.e., less than 3% of direct transfer missions).
However, mission aborts in all eight of the nominal NTP departure opportunities were possible when a AV was added at the Mars encounter as a further control of the trajectory shape. This result is presented in Fig. 1 where 84% of all nominal direct transfer missions could be converted to a powered abort. A closer look at the two NTP free return opportunities revealed that the total trip time of the abort was reduced by 50-250 days if a powered abort was performed instead. Figure  2 shows trajectory plots for a nominal mission and both a free return and powered abort in the 2018 opportunity. The 570-day nominal mission could be reduced by 70 days in a free return abort and by 120 days in a powered abort, as seen in the figure. Note that the Earth departure and Mars arrival dates were the same for each scenario and that each mission would have the same IMLEO of 590,000 kg. Further examination of Fig. 1 shows that there were gaps from 15 to i15 days in each NTP-powered abort opportunity. These missing dates indicate locations where the propellant limit or trip time constraint prevented a suitable powered abort from occurring. Figure 3 shows the variation of the total time of flight across the 2011 NTP-powered abort opportunity. Adding the inbound aborts in places where there were no direct powered aborts increased the number of nominal missions that could be aborted from 84 to 86%. Figure 5 shows the 2024 NTP abort opportunities.
Both direct-powered aborts and powered aborts with an inbound Venus swing-by were possible in this opportunity. Note that it was necessary to switch between the two abort modes several times in order to minimize the trip time. Figure 6 shows the trip time savings over the nominal mission for each optimal abort across the entire 16year period. In total, 23% of the nominal direct transfer missions shown in Fig. I could be aborted with over a 100-day reduction in total trip time was increased from 38 to 44%. In some instances, the added inbound swingby provided total trip time reductions of up to 220 days over powered aborts without the added swing-by. Figure 7 shows the variation of the magnitude of the powered abort maneuver at Mars, where over 50% of these aborts required a burn of more that 5 km/s.
It is interesting to note that the addition of Table 3 shows the total number of nominal missions that could be aborted using the direct-powered abort and the powered abort with the inbound Venus swing-by.
Additionally, because many nominal missions could be aborted using both of these abort modes, the number of nominal missions using the abort option that provides the shortest Earth return time is also shown. For NTP, 86% of the missions can be aborted using the best of either abort mode, whereas the same is true for 73% of the CHEM nominal missions. Finally, the percentage of nominal missions that can be aborted with a reduction in total trip time of more than 100 days is also listed for both of the abort modes. Figure 8 shows the opportunities for outbound Venus swingby missions with IMLEO below 2 million kg in the 2010-2025 time frame. There were eight NTP outbound Venus swing-by opportunities, varying from 100 to 300 days in length. The round-trip times ranged from 550 days to 2 years, and 62% of the missions had an IMLEO of less than I million kg (indicated by the lightly shaded regions in Fig. 8) Fig. 8 Opportunities in the 2010-2025 time frame for nominal and aborted outbound Venus swing-by missions.
For an outbound
Venus swing-by mission abort, both the swing-by and Mars arrival dates from the nominal mission were fixed; that is, the decision to abort is made just prior to Mars arrival, as done with the direct transfer missions.
No optimal outbound
Venus swing-by missions provided free return aborts that met the 14 km/s Earth maximum entry velocity constraint. In fact, for both NTP and CHEM free returns, the Earth entry velocity never went below 15 km/s. Even so, Fig. 8 shows that a powered abort existed for every nominal NTP mission in every opportunity.
Additionally, four powered abort opportunities also existed when an inbound Venus swing-by was added. However, these inbound aborts had longer trip times than the corresponding powered aborts and, therefore, would be of no practical use.
An outbound
Venus swing-by mission abort had less flexibility than a direct transfer mission abort because the Venus swingby for the nominal mission was chosen for a 60-day stay at Mars. Fixing this outbound swing-by date in an abort made it difficult to add another Venus swing-by on the inbound leg. Figure 9 shows Table 4 . Figure 10 displays the abort opportunities for inbound Venus swing-by missions between 2010 and 2025 with an IMLEO below 2 million kg. There were seven NTP opportunities rang- ing from 180 to 420 days in length. The total mission times varied from 475 days to 2 years, and 70% of the missions had an IMLEO below 1 million kg (indicated by the unshaded regions in Fig. 10 aborted. Figure  11 shows the variation of trip time reduction tbr the NTP cases across the entire time period studied. Removing the inbound Venus swing-by from the aborts minimized the Earth return time for 53% of the nominal missions; sometimes reducing it as much as 380 days over powered aborts that retained the swing-by. Also, Fig. I 1 shows Table 5 .
Conclusions
Many factors must be examined in determining the optimal interplanetary trajectories for human exploration of Mars. One important consideration involves the safe return of the crew to Earth in the event of an in-flight emergency.
This study evaluates abort options that provide the fastest return to Earth with a minimal impact on the initial vehicle mass in LEO. Specifi-cally, the feasibility of using free return and powered aborts in In summary, this study showed that by using powered aborts, and in some cases the addition or removal of a Venus swing-by, most nominal missions that minimized IMLEO could be aborted successfully.
